The regrowth of amputated limbs and the distal tips of digits represent models of tissue regeneration in amphibians, fish and mice. For decades it had been assumed that limb regeneration derived from the blastema, an undifferentiated pluripotent cell population thought to be derived from mature cells via dedifferentiation. Here we show that a wide range of tissue stem/progenitor cells contribute towards the restoration of the mouse distal digit. Genetic fate mapping and clonal analysis of individual cells revealed that these stem cells are lineage restricted, mimicking digit growth during development. Transplantation of cyan-fluorescent-protein-expressing haematopoietic stem cells, and parabiosis between genetically marked mice, confirmed that the stem/progenitor cells are tissue resident, including the cells involved in angiogenesis. These results, combined with those from appendage regeneration in other vertebrate subphyla, collectively demonstrate that tissue stem cells rather than pluripotent blastema cells are an evolutionarily conserved cellular mode for limb regeneration after amputation.
Althoughwhole-bodyregenerationfrombloodandvascularstructurescan occur in protochordate colonial tunicates [1] [2] [3] , regeneration of body parts is highly restricted in vertebrates, especially in mammals 4 . Therefore, digit tip (fingertip or toe-tip) regrowth in mice [5] [6] [7] [8] [9] and humans [10] [11] [12] presents unique model systems for mammalian organ regeneration. Several hypotheses have been used to explain the mechanisms contributing to regeneration 13 . One hypothesis is that circulating precursors, perhaps of the mesenchymal or haematopoietic lineages, can enter damaged tissues and transdifferentiate (lineage conversion of a defined cell into another cell type) into the lost cell types [14] [15] [16] [17] . Another concept is that the residual local mature cells of diverse types can dedifferentiate to form a blastema, a pluripotent class of cells (cells that may differentiate into various types of specialized cells) that can use pathways other than those used in development to form limbs and digitstructures [18] [19] [20] [21] ;thisideahasrecentlybeenemphasizedasanalternative to tissue-specific stem cells having an important role in regeneration (see http://www.nytimes.com/2010/11/09/science/09wade.html, http://www. nytimes.com/2010/11/09/health/09stem.html, http://www.nytimes. com/2010/08/06/science/06cell.html, http://tierneylab.blogs.nytimes. com/2009/07/02/rumsfeldian-stem-cells, http://www.nytimes.com/ 2009/03/10/science/10lab.html). A third idea is that tissue homeostasis and regeneration derive from the kinds of tissue-specific stem cells that originally were responsible for their embryonic development [22] [23] [24] [25] . Mammalian digit tips exhibit morphological variations that contributed to the evolutionary diversification 26 of mammals. The digit tip is derived from multiple and distinct embryonic origins, and includes the distal bone with associated marrow cavity and haematopoietic cells, ventral (flexor) and dorsal (extensor) tendons, sweat glands with myoepithelial and luminal secreting cells and associated neurons for innervation, dermis with resident melanocytes and dendritic cells, mesenchyme with resident fibroblasts, skin epidermis with hair follicles, a nail organ composed of six specific parts (the root, nail bed, nail plate, eponychium (cuticle), perionychium and hyponychium) and is highly vascularized 27 . Each of these distal structures has a specific function, damage to which may result in an abnormal digit.
Newborn and adult mice are able to regrow forelimb (finger) and hindlimb (toe) digit tips after their amputation through the distal interphalangeal joint [5] [6] [7] [8] [9] . Regeneration of the digit tip involves the integrated regrowth of multiple tissues within 2-3 months, reaching an external morphology that is cosmetically and functionally similar to normal digits. Most importantly, regeneration of the mouse distal digit shares morphological similarities with clinical cases documenting regrowth of missing distal portions of fingers in both children and adults [10] [11] [12] . Here we explore the cellular source for mouse digit-tip regeneration and provide evidence that regrowth is a cumulative effort of distinct stem cells and their daughter progenitors which are germ-layer and lineage restricted.
Amputations that removed most structures of the distal digit consistently failed to regenerate ( Supplementary Fig. 1a, b) . Consistent with previous observations [7] [8] [9] , amputations with residual bone, sweat glands and nail organ remaining (amputation plane 1 and 2 (AP1/2)) showed partial to complete regrowth of distal structures after 70 days ( Supplementary Fig. 1a-c Fig. 1d-d99 ). Short pulse regimes of 5-bromodeoxyuridine (BrdU) revealed local proliferations within defined sites of the distal digit ( Supplementary Fig. 1e -g, white arrowheads). These results indicated that digit regrowth resulted from the combined activities of tissue-resident stem cells. We tested this hypothesis via genetic fate mapping and lineage tracing of the major tissues within the digit.
Developmental restriction of ectoderm
The contribution of the epidermis to the regenerating digit was analysed using keratin-14-CreER (K14CreER) transgenic mice 28 . K14CreER mice were crossed with mTmG, a double-fluorescent reporter mouse that replaces the expression of tomato red with green fluorescent protein (GFP) after Cre-mediated excision 29 .
K14CreER
mTmG mice were injected with tamoxifen and then amputated along AP1/2 (see methods) and digits were processed for histology after 3 months. GFP expression within digits was confined to ectodermal tissues (Fig. 1a-e) , including dorsal and ventral epidermis, nail plate (with eponychium and hyponychium), hair follicles and secreting portions of sweat glands. The GFP expression was sustained, almost certainly implicating epithelial stem cells as the original tamoxifen-induced cells, as several skin turnover times had occurred over the 3-month interval. GFP expression was absent from mesoderm tissues, including bone and marrow cavity, blood vessels, tendon, nail bed, dermis and surrounding mesenchyme of the digit (Fig. 1d, e) .
A similar ectoderm-specific expression of GFP emerged in regenerated digits of keratin-5-CreER mTmG (K5CreER   mTmG   ) 30 transgenic mice ( Supplementary Fig. 2a-e) . Again, the sustained expression of GFP indicates that keratin 5, like keratin 14, is expressed in self-renewing stem cells.
Engrailed-1-Cre transgenic mice (En1Cre) were used to lineage trace the ventral ectoderm 31 , in a similar method. GFP expression was present within the ventral epidermis ( Fig. 1f-h ), duct and secreting portions of sweat glands ( Fig. 1f -h, red arrowheads), and within a subset of cells of the nail plate (compare Fig. 1e to i). GFP expression was absent from the dorsal epidermis and its associated hair follicles ( Fig. 1f -h, white arrowheads) and from all mesodermal tissues (Fig. 1h, i) . Engrailed expression appears to be in a subset of more lineagerestricted stem cells, limited to development of ventral ectoderm and to a subset of the nail plate. These results collectively show that germlayer restriction is maintained by classes of ectodermal stem cells during digit-tip regeneration, with further restriction of ectoderm into dorsal and ventral fates and chimaeric contributions to the nail plate.
Developmental restriction of mesoderm
The contribution of mesoderm to the regenerating digit was analysed using Prx1Cre (ref. 32) transgenic mice, in a similar method. Within regenerated digits of Prx1Cre mTmG mice, GFP expression was confined to mesodermal tissues, including bone, tendons, nail bed, dermis and mesenchyme ( Supplementary Fig. 2f -j) and was absent from all ectodermal tissues ( Supplementary Fig. 2i, j) .
The possibility of germ-layer conversion (transdifferentiation) of mesoderm to ectoderm during digit-tip regeneration was further analysed by immunoassaying sections of regenerated digits from Prx1Cre mTmG mice for K14 protein. K14 protein was expressed in all ectoderm lineages of the digit and was mutually exclusive from GFP expression ( Supplementary Fig. 2k-n) . The K14-GFP border distinguished between nail plate and bed (Fig. 1j-m) , between surrounding epidermis (dorsal and ventral) to digit bone and dermis (Fig. 1n-q) , and between sweat glands (duct and secreting portions) mTmG (f-i) and Prx1Cre mTmG (j-u) transgenic mice, 3 months after amputation. Ectoderm contributes to epidermis, nail and sweat glands and fails to contribute to mesoderm tissues (a-i). The dashed line outlines the border between epidermis-dermis (d) and nail plate-matrix (e, i). Segregation of ectoderm in En1Cre mTmG mice into dorsal and ventral fates; ventral ectoderm contributes to ventral epidermis and sweat glands (f-h, red arrowheads) with no contributions to the dorsal epidermis or hair follicles (fh, white arrowheads). A partial contribution to nail reveals dorsal and ventral chimaeric origins to the nail plate (i). This boundary is shifted compared to the published lineage mapping study, using En1CreER. Lineage tracing of Prx1Cre shows restricted GFP expression to bone, tendon and mesenchyme, with no contribution to ectoderm. Keratin 14 (K14) expression in Prx1Cre mTmG digits is mutually exclusive from GFP expression. High magnifications of nail (j-m), bone (n-q) and sweat glands (r-u) are shown. Dashed lines outline borders between nail plate-matrix (j-m) and epidermis-dermis (n-u). White arrowheads (r-u) show that sweat glands within ventral mesenchyme are GFP negative. bm, bone marrow; sg, sweat glands. Original magnification: 35 (a-c, f-h); 310 (e, i, n-q); 320 (d, j-m, r-u).
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to the surrounding mesenchyme (Fig. 1r-u) , demonstrating that germ-layer restriction of mesoderm and ectoderm by their respective stem and progenitor cells is maintained during regeneration of the distal digits.
We used Sox9Cre transgenic mice to lineage trace bone/cartilage precursors 33 , in a similar method. In line with Sox9 expression in stem cells of the skin 34 , GFP was expressed within all epidermal lineages of the digits (Fig. 2a-d and Supplementary Fig. 3 ). Within the mesoderm, GFP expression was restricted to the bone (Fig. 2a-d, dotted line;  Supplementary Fig. 3a99, a999 ) and was absent from tendons, nail bed, dermis, vasculature and the mesenchyme surrounding the sweat glands ( Supplementary Fig. 3b-c999) . As the Sox9 promoter drives Cre in these mice, and not CreER, and also because we do not know the lifespan of osteocytes, we could not conclude whether the GFP 1 bone cells were derived from stem or progenitor cells.
Likewise, we used scleraxisCre (ScxCre) transgenic mice crossed to the mTmG reporter to lineage trace the tendon precursors 35 . Within regenerated digits, GFP expression was restricted to dorsal and ventral tendons (Fig. 2e-h, dotted line) , with some GFP staining also present in a distinct group of cells within the hair follicles as previously described for developing limbs 35 . GFP was absent from bone, blood vessels and surrounding mesenchyme and from ectodermal tissues (Fig. 2g, h ).
The contribution of endothelium to the regenerating digits was assayed similarly by crossing mTmG reporter mice with Tie2Cre (ref. 36 ) and VE-cadherinCreER (ref. 37) transgenic mice.
In line with published work 30 , GFP 1 blood vessels were abundant within the distal regenerated digits of Tie2Cre mTmG mice. GFP expression was restricted to blood cells and blood vessels within nail bed, the dermal/hypodermal border and surrounding the sweat glands ( Fig. 2i-l, white arrowheads) . GFP expression was absent from other mesodermal tissues, and all ectodermal tissues (Fig. 2k, l) . A restricted expression of GFP to blood vessels also emerged within regenerated digits of VE-cadherinCreER mTmG mice treated with tamoxifen before amputation (Fig. 2m-p, white arrowheads) .
Specificity of the GFP to endothelium was confirmed by immunoassaying sections of regenerated digits from Tie2Cre mTmG mice for the endothelial markers platelet endothelial cell adhesion molecule 1 (CD31 (also called PECAM1); Supplementary Fig. 4a-a999 , white arrowheads) and pan endothelial cell antigen (PEA; Supplementary  Fig. 4 , b-b999, white arrowheads). Both antibodies marked blood vessels within the nail bed, sweat glands and surrounding mesenchyme and co-localized with that of GFP. We then looked at ectoderm markers of epidermis and neural fates by immunoassaying for keratin 14 (K14; Supplementary Fig. 4c-c999 ) and myelin basic protein (MBP; Supplementary Fig. 4d-d999) , respectively, and found that they were mutually exclusive from that of GFP expression. Likewise, in digits from VE-cadherinCreER mTmG mice, GFP expression was separate from mesenchyme/fibroblast-associated (CD105, CD90, S100A4) and haematopoietic (CD45) markers ( Supplementary Fig. 5 ), indicating an absence of endothelial contribution to these cell populations.
A similar tissue-restricted pattern was apparent during the regrowth time point (10 days after amputation) associated with the appearance of a blastema 38 ( Supplementary Fig. 6 ), demonstrating that germ-layer and lineage restriction of ectoderm and mesoderm including bone, tendon and blood vessel lineages is maintained throughout regeneration of the distal digits.
Circulating cells do not contribute to regeneration
To address haematopoietic contributions to the regenerating digits, haematopoietic stem cells (HSCs) were isolated from transgenic mice expressing the cyan fluorescent protein (CFP-HSCs) on the basis of the following surface expressions 39 : (Fig. 3a) . Wild-type mice were reconstituted with 20 CFP-HSCs (n 5 4). CFP-HSCinjected mice reached full blood chimaerism ( Supplementary Fig. 7) , at which time digits were amputated at AP1/2 and analysed 3 months later. HSC-derived CFP cells were observed within the marrow cavity, the dermis and mesenchyme of the distal digit, and showed ubiquitous expression of the haematopoietic antigen CD45 (Fig. 3b-g , white arrowheads). We did not find any contributions of CFP-HSC-derived cells to the major tissues of the digit, including bone, tendons, nail organ, sweat glands, epidermis or blood vessels (Fig. 3d, g ).
To address further the possibility of a circulatory contribution to the regenerating digits, we created pairs of genetically marked parabiotic mice that have a shared anastomosed circulatory system 40 . Wild-type mice were surgically conjoined to mice expressing GFP under the chicken b-actin promoter. Mice were left parabiosed for 1 month for full chimaerism to be established within the haematopoietic system. Then digits from wild-type mice were amputated at AP1/2 and mice were killed 3 months later. Donor-derived GFP cells were present within numerous tissues of the distal digit, including its marrow cavity, epidermis, nail matrix and mesenchyme surrounding the sweat glands (Fig. 3h-j, white arrowheads) . All donor-derived GFP cells expressed the haematopoietic antigen CD45 within all sites examined (Fig. 3k-n) , and failed to contribute to the major tissues of the digit. We then checked to see if donor-derived GFP cells would contribute to new blood vessel formation after parabiosis. Donorderived GFP cells in the digits were closely associated with blood vessels but were mutually exclusive from PEA expression (Fig. 3o-r) . Thus, the angiogenesis that results in vascularized digit tips must derive from local, non-haematopoietic or any other circulating endothelial precursors, consistent with our previous results in tumour angiogenesis 25 . These results also demonstrate that circulating cells (of any origin) do not contribute to the major tissues within the digit, and are consistent with early irradiation experiments in salamanders (Butler and O'Brien, 1942) that showed that appendage regeneration requires a local cellular source 41 .
Clonal analysis of the regenerating digits
We looked at emerging clones within regenerating digit tips, using 'Rainbow' mice, a multicolour Cre-dependent marker system that harbours a four-colour reporter construct (red, yellow, green, blue; ARTICLE RESEARCH see Methods). Clonal patterns were visualized within all tissues by crossing Rainbow mice with mice harbouring an inducible Cre under the promoter of the actin gene (actinCreER). ActinCreER Rainbow offspring were injected with tamoxifen and digits were amputated at AP1/2. Mice were killed 3 months later, when digits were processed for histology. Clonal domains appeared within all regenerated tissue types (Fig. 4) , with multiple clones occupying each tissue. A pattern of clonal stripes emerged from the nail bed contributing cumulatively multiple clones to the nail plate (Fig. 4a) . Within the epidermis, clones expanded laterally to the basal epidermis, outwards into the stratified layer of the epidermis and inwards into dermal pegs close to the epidermis-dermis border (Fig. 4b) , revealing that this new epidermis is derived from multiple expanding keratinocytes, not from hair follicles 42 . Within sweat glands, several clones contributed separately to the regenerating gland (Fig. 4c, white arrowheads) . Blood vessels in association with the sweat glands derived from separate clones (Fig. 4d, white arrowheads) , confirming our previous genetic fate mapping, and within bone, clones emerged with a restricted pattern to the proximal epiphysis, contributing laterally to new bone (Fig. 4e, white arrowheads). Although we are unable at this point to indicate the contributions of fibroblasts, or rule out a pre-determined multipotent cell that contributes to bone/tendon and fibroblasts, our work with isolated bone/cartilage progenitors 43 and fibroblast precursors from mouse indicates that both cell types maintain lineage restriction in vivo and in vitro (Y.R., personal observations).
Early work on Xenopus tail regeneration revealed a similarly limited range of potential for the different stem/progenitors of the Xenopus tail 44 . In the salamander Ambystoma mexicanum, it was recently shown 45 that transplanted embryonic cells destined to form specific limb tissues maintain their embryonic fates after the amputation and subsequent regeneration of the salamander limbs. More recently, a similar fate restriction was documented in developing and regenerating zebrafish fins 46 . Our findings in mammals, together with those in 
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appendage development/regeneration of other vertebrate subphyla, attest to lineage restriction of stem/progenitor cells as an evolutionarily conserved cellular mode in which a change in cell fate or dedifferentiation to pluripotency is uncommon and negligible to regeneration, outcomes carrying significant implications for regenerative medicine.
METHODS SUMMARY
Mice. Mice were maintained at the Stanford University Research Animal Facility in accordance with Stanford University guidelines. All the animals were housed in sterile micro-insulators and given water and rodent chow ad libitum.
K5CreERT2, K14CreERT2, En1Cre,VE-cadherinCreERT2 and Tie2Cre mice were obtained from The Jackson Laboratory, and a breeding colony was established. Sox9Cre and Prx1Cre mice were a gift from A. Sweet-Cordero. ScxCre mice were a gift from R. Schweitzer. mTmG mice were a gift from L. Luo. Digit amputations. Amputations were conducted under the guidelines of Stanford University Administrative Panel on Laboratory Animal Care (APLAC), Protocol no. 21621. Mice (post-weaning age) were anaesthetized with intraperitoneal injection of Nembutal (pentobarbital; 50 mg kg 21 body weight) or ketamine/xylazine (80 mg and 8 mg kg 21 body weight, respectively). Digits were amputated using a no. 11 scalpel and allowed to heal without suturing for 2-3 months.
